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ABSTRACT

A new source of radiation has been postulated that

occurs when a charged particle, moving with a velocity

greater than the velocity of light in a medium, is caused

to oscillate about its transverse beam line by means of a

static, periodic magnetic or electric field or by means of

an incident transverse wave. Experiments were conducted to

measure this new source of electromagnetic shock radiation,

and compare it to Cerenkov radiation, a known source of

electromagnetic shock radiation. The preliminary results

agree with predictions of Schneider and Spitzer, but the

present accuracy is not sufficient to rule out alternative

theories. '\

- . . .. . . J4



TABLE OF CONTENTS

I. INTRODUCTION --------------------------------------- 9

II. THEORY -------------------------------------------- 11

III. MAGNETIC UNDULATOR -------------------------------- 19

IV. EXPERIMENTAL PROCEDURE ---------------------------- 36

V. ANALYSIS ------------------------------------------- 42

APPENDIX A: BEAM SPREAD -------------------------------- 47

APPENDIX B: PSER THRESHOLD ----------------------------- 51

APPENDIX C: TRAVELING MAGNETIC FIELD FLUXMETER --------- 54

APPENDIX D: OPTICS ------------------------------------- 56

LIST OF REFERENCES -------------------------------------- 64

INITIAL DISTRIBUTION LIST ------------------------------- 65

t I_



LIST OF TABLES

1. Comparison of magnet configurations ---------------- 23

2. Angular deviation due to scatterers ---------------- 37

3. Cerenkov angle of air and helium ------------------- 37

4. Summary of results, run # 1 ------------------------ 40

5. Summary of results, run # 2 ----------------------- 40

6. Summary of results, run # 3 --------------------- 41

6



LIST OF FIGURES

1. Mach Cone -------------------------------------- 18

2. Ellis Magnet ----------------------------------- 21

3. First "C" Magnet ------------------------------- 25

4. Permanent Magnet ------------------------------- 27

5. Prototype Comb Magnet -------------------------- 27

6. Magnetic Field of Prototype at 8.OA and
with a 9.0cm Period ---------------------------- 28

7. Magnetic Field of Prototype at 12.0A and
with a 10.2cm Period -------------------------- 29

8. Magnetic Field of Prototype at 16.OA and
with a 10.2cm Period -------------------------- 30

9. Final Magnetic Undulator ---------------------- 32

10. Magnetic Field of Final Magnet at 8.OA
and with a 9.0cm Period ----------------------- 33

11. Magnetic Field of Final Magnet at 1O.OA
and with a 7.0cm Period ----------------------- 34

12. Radiation Pattern for Cerenkov Radiation ------ 44

13. Radiation Pattern for PSER Radiation ------- 44

14. Graph of Cerenkov Angle vs. Scattering
Angle of Exit Window -------------------------- 50

15. Traveling Fluxmeter --------------------------- 55

16. Initial Optical Configuration ----------------- 58

17. Second Optical Configuration ------------------ 59

18. Photodiode Installed in Camera ---------------- 60

19. Schematic of Photodiode Circuit --------------- 61

20. Final Configuration --------------------------- 62

7



VI

ACKNOWLEDGEMENTS

We would like to thank Professor F.R. Buskirk for his

many hours of patient guidance throughout our endeavor.

Without his advice and knowledge, we would have accomplished

virtually nothing.

We would like to thank Mr. H. McFarland and Mr. D.

Snyder, whose many innovative ideas greatly assisted us

towards our goal.

We would like to thank Lt. Jerry Graham for being our

partner during this work, and to wish him great success in

the culmination of this project.

Last, but by no means least, we would like to thank

our wives and families for their kind and loving support

during the conduct of this work.

8



I. INTRODUCTION

It is a well-known phenomenon that when an electron

moves through a medium with a velocity that exceeds the

speed of light in that medium, Cerenkov radiation will be

produced [Ref. 1]. It has been proposed by S. Schneider

and R. Spitzer that when such an electron is given an oscil-

latory motion transverse to its beam line, a new form of

electromagnetic radiation will be produced [Ref. 2]. Such

a transverse oscillation may be superimposed by means of a

static, transverse, spatially periodic electric or magnetic

field, or by means of an incident transverse electromagnetic

wave. This form of radiation was described initially by

Schneider and Spitzer as stimulated electromagnetic shock

radiation (SESR), but due to controversy over the use of

the word stimulated, this terminology was dropped [Ref. 3].

In this paper, the term pumped superluminal electromagnetic

radiation (PSER) will be used.

This work was undertaken to measure the intensity of

PSER vis-a-vis Cerenkov radiation. The effort was conduc-

ted in two phases; the choice and construction of a

suitable pump field, and the measurement of the PSER and

Cerenkov radiation. The choice of a suitable pump field

was a continuation of the work begun by Ellis [Ref. 43.

A transverse periodic magnetic field, henceforth called an

undulator, was chosen for reasons specified in Chapter III.

9



The measurement of the intensities of the Cerenkov radiation

and PSER involved the modification of the Naval Postgraduate

School Linear Accelerator (LINAC). A variety of different

schemes were tried, as outlined in Chapter IV. The results

of the experiments are compared in Chapter V.
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Ii. THEORY

When a charged particle moves through a medium with a

velocity that is greater than the velocity of light in that

medium, electromagnetic radiation is produced which is sim-

ilar in nature to an acoustical shock wave [Ref. 1]. This

radiation is called Cerenkov, after its discoverer, and is

a form of electromagnetic shock radiation.

It is now proposed by Schneider and Spitzer that there

is another form of electromagnetic shock radiation that can

be produced by the oscillatory motion of an electron trans-

verse to its beam line in a medium where its velocity

exceeds that of light in that medium. This radiation,

pumped superluminal electromagnetic radiation (PSER), is

distinct from Cerenkov radiation. N. Kroll has disputed

this claim of a new form of radiation, and asserts that it

is simply the emission of Cerenkov radiation about the

particle's instantaneous direction of motion [Ref. 5].

This outline attempts to give a general understanding of

the differences between PSER and Cerenkov radiation as pro-

posed by Schneider and Spitzer.

In the theory proposed by Schneider and Spitzer, the

PSER is described as a new effect that comprises the produc-

tion of coherent electromagnetic waves in a polarizable

medium. Coherent, as defined by Schneider and Spitzer in

12.



Ref. 2, means that radiation from the polarization currents

induced at different points along the trajectory of the

electron adds in phase in a specific direction. In the

original proposal [Ref. 2], the PSER was proposed as a nar-

rowband, intense, tunable source of electromagnetic

radiation. Later revisions now propose a broadband effect

[Ref. 33. The theory is applicable to a dispersionless

medium, and is restricted to a linear response, i.e. where

the dielectric constant is equal to the square of the index

of refraction, and is in fact constant. The theory is es-

sentially classical, and involves only the Maxwell and

Lorentz equations in a polarizable medium and the Lorentz

force.

PSER can be thought of as the synergistic interaction

of radiation which is Doppler-shifted in frequency by

Compton backscattering in vacuum from relativistic charged

particles and the production of a shock wave which occurs

when a relativistic particle exceeds the speed of light in

a medium. When a charged particle is accelerated in a vac-

uum by an electromagnetic wave, the frequency of the

radiated wave is upshifted with respect to the incident

wave, so that the frequency of the emitted wave is

= Y2 (1-cos e)(1+cos 0') (Do . (II-1)

y is the kinetic energy of the beam divided by the rest

energy of the charged particle, co is the frequency of the

incident wave, e is the collision angle, and e' is the

scattering angle. For the case of the staticperiodic

12



field, the cos 8 term is dropped, and ao is defined [Ref. 6],

a)= 2Tc/X, (11-2)

where X. is the spatial period of the static field. In

either the static field or traveling wave case, the energy

to produce the frequency upshift is provided by the moving

charged particle.

An electromagnetic shock wave is produced when a charged

particle exceeds the speed of light in a medium. The in-

teraction of the Coulomb field of the charged particle

with the medium produces transverse electromagnetic waves.

Due to the particle's superluminal condition (speed in ex-

cess of light in the medium), the effect has a collective

response from the medium, not individual responses from the

separate atoms. It is the simultaneous occurence of the

shock radiation with the Doppler-shift of the scattered rad-

iation that produces PSER. In this thesis work, the focus

was to measure the intensity of PSER relative to that of

Cerenkov radiation. The subsequent discussion focuses on

the difference between the two forms of radiation.

The mechanism for both Cerenkov radiation and PSER is

the response of the medium to the Coulomb field of the inci-

dent electron transformed to the rest frame of the medium.

The different effects are due to the difference in the field

of the oscillating electron vis-a-vis the field of the non-

oscillating electron. In both cases, the beam is a source

of an electromagnetic field which induces polarization

13
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charges and currents in the medium. The incident beam has

a charge and current distribution. These distributions dic-

tate the electric and magnetic fields of the beam. The

latter fields induce in the medium a charge and current

distribution. It is this induced distribution that is the

source of the emitted electric and magnetic fields. In

terms of Maxwell's equations (cgs units),

= 0 (11-3)

f = 417)total (11-4)

x + Bf/a t 0(11-5)

x N + af/act =(41/c) (total (11-6)

#total = abeam + induced (II-7)

Jtotal = Jbeam + jinduced (11-8)

The contribution to the field due to the induced sources

is represented by the polarization vector, P, where

Pinduced = (II-9)

Jinduced = / t . (II-1O)

The field P is related to the E field produced by the induced

sources by the displacement vector, D, where

= f + 4,ri. (11-11)

Maxwell's equations then become

-D Tl,'lobe (11-12)

and X S - BD/Bct =(4v/c)Sbea . (11-13)

14



In a linear medium, D is related to E by

D ' (11-14)

where E is the dielectric constant of the medium.

The solutions of these equations yield the radiated

electric and magnetic fields. The difference between the

Cerenkov radiation and the PSER is in the applicable density

function and current function arising from the oscillatory

motion of the electron. The Cerenkov radiation involves

the response of the medium to the charge density and the

purely convective current, which is independent of the inci-

dent electromagnetic wave or the superimposed static,

periodic magnetic field. The PSER is due to the current

produced by the oscillatory motion of the electron.

Schneider and Spitzer [Ref. 3] predict that the PSER

radiation will have two components; a longitudinal component

and a transverse component. The longitudinal component is

approximately the same as the Cerenkov radiation, and in

energy per unit path length is

dW dW e 2 dm (1_1/p2
dzL dz C  j2 E). (11-15)

0 is the drift velocity divided by the speed of light. The

limits of integration are from zero to the resonance fre-

quency, wr r The transverse component is

dW = e 2 ((r~lAo) 51 3  (.74)0 2 . (1I-16)

dzT u2 ( ZE1) y5/3
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where a) resonance frequency of medium

a) Lamor frequency = eBo/mc

B. maximum magnetic field

u drift velocity

- average drift velocity divided by speed
Oz

of light,and

Q= Onw. 2rcO/L

where L is the spatial period of the pump field. The aver-

age drift speed accounts for the energy going into the

radial component of velocity of the electron. Since the

longitudinal component is approximately the same as the

Cerenkov radiation, the increase in intensity is

dWT = intensity increase. (11-17)
dWC

It is this value that this work attempted to measure.

There are other differences in the two forms of radia-

tion produced. Schneider and Spitzer [Ref. 3] predict that

PSER will have two radiation bands as compared to one for

Cerenkov radiation. The lower band has threshold at

W+ =s (Pn-1) (11-18)

and the higher band at

m- =0s(Pn~l) . ( II-19)

The quantitya s is a dynamically derived quantity and is

O- 1 "/c2E1) (11-19)

Although the authors state that this result cannot be

derived kinematically, it is of interest to note that the

16



same value can be arrived at kinematically, although the

angular distribution is different. This is outlined in

Appendix B.

Another possible point of experimental verification may

be in the Mach cone distibution. The Mach angle for the

Cerenkov radiation is given LRef. 2]

sin c•  = ( 2E)-I. (11-20)

The value E is taken as a constant for the dispersionless

medium considered. For PSER, however, in Ref. 3, the Mach

angle is given as

sintM = [ E(a)f]-I. (11-21)

The two values of E will be different, but the difference

may be very slight. The value of E for the Cerenkov case

is taken at the mean value in the visible region. The

value for E(N) is taken where

[EO($ 2E 1)/3(E -)] 4 (11-22)

The value of E. is E evaluated at wo.

For the dispersionless case, the complementary angle

of the Mach angle is the photon emission angle, e for the

Cerenkov radiation, and eM for PSER. This is shown in

figure 1.

17
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III. MAGNETIC UNDULATOR

In order to generate PSER, the electron beam must inter-

act with a static periodic transverse electric field, a

static periodic transverse magnetic field or an electro-

magnetic wave propagating into the electron beam. A

modest static periodic magnetic field (200 gauss) affects

the electrons as much as very high powered (100 megawatt)

electromagnetic waves or high electric fields (6.1 mega-

volts/meter). The three equivalent pump regimes are de-

veloped below.

S = "fxH

s EB E
S , and for a plane wave = c

S=c B2 ,rS=E 
2

Po PO

For a 100 megawatt electromagnetic wave propagating in

a cylindrical cavity of diameter = 3.6 cm (0.001 m2 cross-

sectional area) the Poynting vector is,

S = 1 x 10 watts = 1011 watts/n

0.001 m

An equivalent static periodic electric field is

E2 CS = 41 x 10-7 H/m x 3 x 108 m/s x 20 w/m2

or E = 6.14 x 106 volts/meter

An equivalent static periodic magnetic field is

19



B2 = S = 1011 w/m2 x 4v x 10
- 7 H/m

c 3 x 108 m/s

B = 2.05 x 10-2 Tesla = 205 gauss.

These calculations were the basis for the decision to

pump the electrons with a magnetic undulator. Based upon

the theoretical analysis of Schneider and Spitzer [Ref. 3]

an undulator with a minimum field of 100 gauss and a period

between 5.0 cm and 10.0 cm was needed if the PSER was to be

of significant magnitude with respect to the Cerenkov radia-

tion. The undulator was determined to need a gap of 2.0 cm

between the pole tips to allow the Cerenkov and PSER cones

to be unobstructed (see Appendix A). The field needed to

be as close to sinusoidal as possible in order to avoid

higher order Fourier components. As the electron beam was

1.9 cm in diameter at the final magnet, linearity over at

least 1.5 cm in the vertical direction was highly desire-

able. To determine if a particular magnetic undulator pro-

totype met these criteria, a traveling magnetic field flux-

meter was constructed and the output recorded on an X - Y

plotter (see Appendix C).

The starting point for the construction of the spatially

periodic transverse magnetic field was the configuration

developed by Ellis (Figure 2)[Ref. 4]. A study of the de-

sign of this magnetic undulator disclosed several limitations.

The Ellis undulator was unable to dissipate the heat generated

by the high currents needed to establish magnetic fields of

approximately one kilogauss. The pole tip design was such

20
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that the maximum field generated was reduced by approxi-

mately 40% when the magnets were interleaved. Finally, the

design had one coil providing flux to three pole tips. This

reduced the efficiency and hence the flux available at

the gap.

Several approaches to improving the efficiency of the

magnetic undulator were studied prior to constructing addi-

tional magnet structures. One way to increase the available

flux is to reduce the gap between the pole tips. This option

was not available due to the size of the electron beam (see

Appendix A). Another way to increase the flux is to increase

the total current around the baseplate. Increasing the cross-

sectional area of the pole tips and increasing the period

(and thus reducing the losses between adjacent pairs of

poles) were two other proposals to reduce the losses ex-

perienced by Ellis.

The first change made was to remove the center set of

pole tips and use these tips to double the pole piece and

pole tip cross sections. The period was increased from 5.0

cm to 9.5 cm. These changes resulted in little increase in

the field strength between the pole tips; however, the area

over which the field was at a maximum was doubled. When the

magnets were interleaved the losses were now approximately

10% compared to the same structures separated ( Table 1 ).

As the generation of PSER requires the interleaving of the

magnets to form a periodic magnetic field, not only are

large fields for isolated pole tips desireable, but it is

22
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also necessary to minimize the losses when the pole tips

are interleaved.

The next change made was to increase the number of turns

of wire on the magnets from 100 to 150. This resulted in an

increase in the peak field of just under 50% when the mag-

nets were not interleaved. When the magnets were inter-

leaved the losses were now about the same (10%) as with

100 turns.

The final analysis of the Ellis magnet and subsequent

modifications made to it led to the following conclusions:

A period of between 7.0 and 10.0 cm will reduce the losses

due to interleaving to less than 20%. A minimum of 150

turns of wire and a coil current of 12 A will be necessary

to generate the desired kilogauss field. The power require-

ments would be excessive unless each pole piece was wound

separately or a high current/water cooled magnet winding

was used.

The next iteration is depicted in Figure 3. The C-type

magnet structure was chosen because it is the most efficient

shape for generating high magnetic fields [Ref. 7]. Each

C-magnet was wound with 300 turns of wire. The C-magnets

proved excellent for generating magnetic fields of one kilo-

gauss and higher. When an undulator of two and one half

periods was constructed with a period of 9.0 cm, the fields

were approximately 80% of the fields generated by the free

standing C-magnets (Table 1). The power required to drive

the five C- magnets was appreciable and scaled to a
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requirement for more than 3500 watts of DC for an 11 period

undulator. The C-magnets also required extensive machine

shop work for fabrication, were difficult to wind with wire

without shorting the windings, were hard to align and were

time consuming in varying the period. The option to alter

the gap between the pole tips was not available if needed.

These factors led to a search for an alternative method

of generating the desired fields. High strength permanent

magnets were investigated (Figure 4). They appeared capable

of generating the required field, but presented the problems

of high cost and the inability to remotely switch the fields

on and off, the latter feature being essential to compare

the Cerenkov radiation and the PSER.

Another concept was presented by Jerry Graham [Ref. 8]

for a comb-type magnet with two "combs" of alternately

polarized magnets to be placed with the teeth facing each

other. This configuration appeared to have significant

potential and a prototype was built (Figure 5). The pro-

totype comb magnet demonstrated its feasibility by genera-

ting fields of greater than one kilogauss with good heat

dissipation characteristics. The power required scaled to

1800 watts for an 11 period undulator. Each pole piece

was wound with 150 turns of magnet wire. Two complete

periods were constructed and tested (Figures 6, 7 & 8).

The design for the final undulator assembly was based upon

the performance of this prototype.
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The final undulator (Figure 9) is noteworthy in that it

required a minimum of machine shop work, was made from

common materials (mild 1040 steel throughout) and provided

a maximum amount of flexibility, allowing both variation of

the period and the gap. Provisions for additional pole tips

to spread the magnetic field in the vertical direction were

made. To determine the optimum number of turns of magnet

wire for each pole piece, 12 pole pieces were wound, four

with 180 turns, four with 240 turns and four with 300 turns.

A lathe was used to wind the pole pieces. The twelve test

pole pieces were then run at high currents (10 to 15 A),

both with and without a cooling fan, to determine to opti-

mum number of turns of wire. Given the capabilities of the

power supplies and the projected use of a mylar envelope to

contain the helium, this limiting the ability to use a

cooling fan, the pole tips with 180 turns performed the best

and were chosen for the final undulator. Bench tests of the

final undulator assembly showed that sustained periodic mag-

netic fields of 1600 gauss and pulsed fields of up to 2000

gauss could be generated. These were obtained with the mag-

nets configured for a period of 9.0 cm. When the 3/4 in.

bars at the bases of the pole pieces were removed these

fields were reduced by approximately 10%. The magnetic

fields generated by pairs of pole tips fluctuated less than

five percent from the mean (Figures 10 & 11). With the

additional pole tips in place the field intensity was re-

duced by approximately 1/3 and the field was spread in the
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vertical direction over an area approximately 50% larger

than without the additional pole tips. The gaps between

the pole tips could be adjusted to within *1.0 mm of any

desired gap, both with and without the additional pole tips

ir. place. In the experiment the additional pole tips were

not used, the higher magnetic fields being desired. The

entire assembly of 11 periods could be powered by 1800 watts

DC (120 V @ 15 A). For the final undulator configuration

the period was set at 7.0 cm. This was done to minimize

the amount of radiation blocked by the magnets and to pro-

duce the highest frequency PSER possible.

35 
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I

IV. EXPERIMENTAL PROCEDURE

In the initial configuration, the electron beam exited

a five mil aluminum window, transversed a 20 cm layer of

air, and entered the cavity of the magnetic undulator.

The electron beam then passed through a diffuse reflector

and was incident upon a secondary emission monitor. The

radiation produced by the passage of the beam through the

air was incident on the diffuse reflector and monitored by

an RCA vidicon camera. The radiation was then observed with

the undulator off, with a residual field of 100 gauss, and

with the undulator at a value of 1500 gauss. No effects

were discernible. The RCA camera has an automatic electronic

light control which would suppress any intensity change.

The diffuse reflector was replaced with an aluminum mirror

to enhance the amount of light entering the camera. There

were still no discernible effects.

A substantial problem was encountered with the spread-

ing of the electron beam by the aluminum window and the air.

The scattering mechanism is discussed in Appendix A, and

the results are summarized in table 2. Note that by far

the greatest scattering contributions are from the aluminum

window and the air. Even the substitution of a one mil stain-

less steel would not reduce the scatter. The air was

replaceable with different gases.
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TABLE 2

Scatterer Material Mean Scatter Angle

exit window 5 mil aluminum .008 radians

exit window 1 mil S. Steel .008 radians

Air 110 cm .007 radians

Helium 110 cm .002 radians

Air 20 cm .003 radians

Helium 80 cm .001 radians

entrance window 1 mil al-mylar .002 radians

exit window 1 mil mylar .002 radians

entrance window 2 mil polystyrene .001 radians

It is evident that the air adds a substantial amount to the

beam spreading. Additionally, the air has a much larger

angle of emission for Cerenkov radiation. This also is

discussed in Appendix A, with the results summarized in

table 3.

TABLE 3

Beam Energy Medium Cerenkov Angle

100 Mev Air .0298 radians

100 Mev Helium .0072 radians

It is this large Cerenkov angle that produces a very large

shadow effect, i.e. the pole tips of the undulator clearly

outlined in the image of the radiation cone.
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To reduce both the beam spread from air, and the angle

of emission of Cerenkov radiation, a helium filled pipe was

placed in the undulator cavity. The pipe was made of stain-

less steel, with a length of 80 cm, and radius of .9 cm.

Measurements in helium were also the ultimate goal since

helium has a simple dielectric structure, and passage of

ultraviolet light is better because the first resonance is

higher than the strong resonances of air. The entrance wir-

dow was made of one mil aluminized mylar. The entrance

window served to block the Cerenkov radiation produced in

the 20 cm of air. The exit window was made of one mil

mylar.

The emitted radiation was again incident upon the plane

mirror and observed with the camera. The radiation was

observed with the residual field and with the undulator

at 1500 gauss. There was no effect associated uniquely with

the expected PSER effect. There was a problem of alignment,

corrected later with a helium-neon laser. This alignment

problem causeded unexpected patterns to be noticed. These

patterns were probably due to internal reflections in the

tube. In this regard, however, the tube did serve to confine

all the radiation produced in a clear circular pattern.

In order to eliminate the pattern obstruction due to

the pipe, the pipe was removed and replaced by a two mil

polystyrene cover. This cover surrounded the entire undu-

lator. To add a quantitative measure of intensity change,

a silicon photocell was added to the camera. This camera
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and photocell arrangement is discussed in Appendix D. A

spherical mirror was also added to increase the amount of

light entering the camera. A flourescent screen was added

to the back of the plane aluminum mirror to aid in the

alignment of the beam, and to determine the size of the

beam. The configuration is described in figure 20.

This arrangement produced some important results. The

beam was still enlarged enough to produce a shadow effect,

i.e. the pole tips of the undulator were clearly outlined

on the flourescent screen. The radiation cone produced an

even larger shadow effect.

As a test of the purity of the helium, the beam energy

was reduced to 65 Mev. This is the threshold value for the

production of Cerenkov radiation in helium (Appendix A).

A distinct cone was noticeable . The energy was reduced

down to 30 Mev, but the cone did not disappear. From this,

it was deduced that there was a large quantity of air in

the envelope. Air has a threshold at 22 Mev.

Data were taken at this configuration. Although an

attempt was made to hold the beam current steady, it is not

certain that this was done. There was also considerable

noise from the photocell (Appendix D). Therefore the re-

sults are highly suspect. The results of the runs are listed

in table 4 for a beam energy of 95 Mev, and in table 5 for

a beam energy of 57 Mev.
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TABLE 4 (95 Mev)

BEAM MONITOR (AMPS) 3 X 10-8  2 X 10-8 2 X 10-8

BASE LEVEL (VOLTS) 1.49 1.51 1.51

BEAM ONLY (VOLTS) 1.59 1.56 1.57

UNDULATOR (VOLTS) 1.65 1.61 1.61

PERCENTAGE CHANGE 60 100 67

TABLE 5 (57 Mev)

BEAM MONITOR (AMPS) 9 X 10-9  9 X 10- 9  8 X 10-9

BASE LEVEL (VOLTS) 1.53 1.53 1.53

BEAM ONLY (VOLTS) 1.608 1.624 1.611

UNDULATOR (VOLTS) 1.608 1.619 1.621

PERCENTAGE CHANGE 0 -5 12

To reduce the noise of the photocell, a new cable was

installed. To measure the photocell voltage and the beam

current simultaneuosly, a HP digital voltmeter was added to

amplify the beam cui-rent of about 10- 8 amps to a proportional

signal of several volts. To reduce the beam spread, an ex-

tension pipe was added at the exit window, extending the

exit window inside the helium envelope to the undulator

cavity. This reduced the scattering due to 20 cm of air,

and the beam was observed on the flourescent screen to pro-

duce no shadow. The radiation cone still produced a shadow.

There was a slight change in the pattern of the cone with

the undulator on. This is discussed in Chapter V. The data

taken at 95 Mev are in table 6.
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TABLE 6 (95 Mev)

PHOTOCELL (VOLTS) BEAM (VOLTS)

BASE LEVEL .933 0

BEAM ONLY 1.224 4.488
1.227 4.456
1.235 4.504

UNDULATOR 1.146 4.398
1.142 4.439
1.154 4.539

Subtracting out the base level, and taking the average

photocell voltage divided by the average beam voltage,

the resulting intensity loss is 27%.
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V. ANALYSIS

At the conclusion of the experimental portion of this

project, many of the findings were preliminary. A varia-

tion of the intensity of the PSER with respect to the

Cerenkov radiation was noted. With a mixture of helium

and air, the PSER was approximately 1.5 times as intense

as the Cerenkov radiation. With pure helium, a decrease

of 10% intensity of PSER with respect to Cerenkov radiation

was noted. Our theoretical analysis predicts an increase

of intensity of 1.3 for PSER relative to the intensity of

the Cerenkov radiation in helium. Using equation 11-15

dW - 1.4 x 10- 12
dzT

Using equation 11-16 gives

dW - xi12.dWi_ 4. 35 x 10 -1

dzC

The ratio of these values is

dWT = 0.31 •

dWc

Since the total PSER is the longitudinal component plus the

transverse component, and since the longitudinal value is

approximately equal the Cerenkov value, the total intensity

of PSER relative to the Cerenkov is 1.31.

42



The radiation pattern generated by the PSER from the

helium and air mixture was different from the Cerenkov ra-

diation, the PSER pattern being longer from top to bottom

and having a slight gap about 1/4 of the way from the top

(Figures 12 & 13). With a helium environment, the changes

were so small that they were virtually impossible to

verify using the vidicon equipped television camera.

Small fluctuations in the electron beam intensity caused

similar changes in the pattern, effectively masking the

effect of the pump field. For a helium environment the

theoretical value for the Cerenkov angle is (A = 0.5488'

and the theoretical value for the mach angle is Om =

0.54280. This small difference was not observable using

the television camera.

The experimental arrangement used had several limita-

tions. The exit window of the LINAC scattered the electron

beam to the extent that the beam diameter was almost 2.0 cm

at the far end of the undulator. This resulted in the PSER

and Cerenkov radiation patterns being less distinct than

desireable. The gap between the pole tips of the undulator

could not be made greater than 2.0 cm without reducing

the magnetic field below the desired field strength. As a

result part of the radiation was blocked by the last few

periods of the undulator. There does not appear to be an

easy solution to this problem. The optical effects of the

spherical mirror were never completely eliminated as a

possible source of error (see Appendix D).
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RADIATION PATTERN FOR CERENKOV RADIATION

FIGURE 12

I

RADIATION PATTERN FOR PSER RADIATION

FIGURE 13
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One possible explanation of the differences in the PSER

with a helium and air mixture compared to helium only, may

be due to "wobbling." Wobbling, in this context, was coined

to describe the effect caused by the transverse oscillatory

motion of the electron causing a decrease in the longitudi-

nal velocity. The latter decrease could cause the electrons

to be subluminal or possibly decrease the amount of radia-

tion slightly from those portions of the path which had

the lower velocity. In the formulation of Schneider and

Spitzer [Ref. 3], it is the longitudinal velocity which

enters the equation for energy. Therefore, if the electron

does wobble in and out of superluminal condition, the ap-

proximation that the longitudinal energy per unit path

length is equal to the Cerenkov energy per unit path length

may not be valid. In this case, an actual decrease in the

observed intensity would be possible, and may explain the

results of the experiment.

Schneider and Spitzer give the superluminal condition

to be [Ref. 33 2n2 > 1 where
z
-2z = 2- 2(lYo (v-i)

For the case of the pure helium, at 100 Mev, y equals 195.

For a magnetic field of 1500 gauss, c1 equals 2.63 x 10 0.

For a spatial period of seven cm, m. equals 2.69 x 1010.

Substitution into V-I yields

-2 n2=
z  -1.0000334

For 100 Mev electrons, the superluminal condition is met.
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From equation V-1, the threshold condition for the electrons

is

Y2 = )2 2-1threshold 1I 0 / 2  V2

This yields a threshold energy of 43.2 MeV. Future observa-

tions may be able to detect this threshold.

A method of observing the PSER without the use of the

spherical mirror could eliminate one possible source of

error. The use of more pure helium may also yield better

results. The aluminum exit window of the LINAC could be

replaced with a one mil mylar window, substantially re-

ducing the beam spread. Future observations about the

threshold frequencies may also prove useful.
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APPENDIX A

Beam Spread

For an approximation of the scattering angle of a

charged particle passing through a medium, Segr6 gives the

equation [Ref. 9]

2= E L Z 2(A-)

(PV)2 Lrad

Es is equal to 21.2 Mev, PV is the energy of the particle,

Z is the charge of the particle, Lrad is the radiation

length in g/cm 2 , and L is the scattering length which is

equal to the thickness of the scatterer times the density.

For a relativistic electron, the above expression reduces

to

<0 2> = (.045) L/Lrd (A-2)

when the energy is 100 Mev.

The following radiation lengths are taken from Segre

with the exception of Mylar which is calculated based on

its chemical composition:

MATERIAL Lrad (g/cm2) DENSITY (g/cm3)

Aluminum 23.9 2.7

Helium 85.0 0.179 X 10-3

Air 36.5 1.30 X 10-3

Polystyrene 43.4 1.05

Mylar 40.1 1.39
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The radius of the electron beam at any point along its axis

is a function of its initial radius, r., at the aluminum

exit window, and any radius increments due to scatterers

along the path. For a thin, relatively dense scatterer,

the incremental radius at the target is

<6r> = <e2 >D (A-3)

where D is the distance from the scatterer to the target.

For a gaseous scatterer, the incremental radius is LRef.I0_

<6r> (<O2>/3)2 D. (A-4)

For several scatterers along the axis of the electron, the

total incremental radius is

<6r2o->= <6r 2> + <6r2> + "'" <6r2> (A-5)total 1 r2> In~r>(A

where there are n scatterers. The total radius of the beam

at the target then is

2rbeam ro + <6 -2  >2 (A-5)

For the final experimental configuration, the estimated

beam radius on the flourescent screen was one cm. Assuming

an intial radius of 0.2 cm, equation A-5 gives a value for

the radius of 1.1 cm.

For determination of the radius of the Mach cone, the

Cerenkov or PSER angle is added to the angular deviation

of the outermost electron from the electrons' longitudinal

axis at the point where the initial radiation is produced.

For helium, in the final configuration, the Cerenkov angle

is .007 radians from an index of refraction equal to 1.000036
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LRef.11i. The initial radiation is produced at the exit

window, so the angular deviation of the electron from its

longitudinal path is due only to the aluminum window.

This deviation is .008 radians, so the total deviation of

the electron from its longitudinal path is .0015 radians.

This results in a Mach cone of approximately two cm, which

is close to the observed cone.

The threshold for the production of Cerenkov radiation

is On > 1. For helium, this is 60 Mev.

From equation 11-20 for the Cerenkov angle, it is clear

that as the energy of the electron increases, the Cerenkov

angle also increases. From equation A-i, however, it can

be seen that as the energy increases, the scattering angle

decreases. Figurel4is a graph of these two angles, and the

resultant curve shows that there is little change in the

total scattering angle with a change in energy.
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APPENDIX B

PSER Thresholds

The kinematical analysis of a fast electron interacting

with a static, periodic magnetic field gives the correct

values for a-+ and u:_ - This analysis is simpler than that of

Schneider and Spitzer [Ref. 3], and is in agreement with

their expressions for the thresholds.

The electron is traveling to the right with velocity

ve . Its position is given by

ee x= v et + X°0 (B-1)

The static, periodic field is represented by

B = B0 cos (k1X). (B-2)

The electron will move according to

dPe = F = qveB (B-3)

The displacement is

y = A cos (k1 x e c). (B-4)

Then solving for Py and setting this equal to F gives

= -k lVe sin (k 1Xe +t) (B-5)

Py = Px (v/Vx) = -k1 A sin (kIxe + ) (B-6)

py = -k1VeA coS(k1Xe qveB 0 cos k1xe .  (B-7)

This gives

A = -qBo/k I  0 (B-8)
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and

-klV e sin (klXe). (B-9)

The generated wave is

E' E' Cos (R2'r - w2 t +') (B-10)

and the force on the electrons is qE'. The electric field

along the trajectory at the space-time position of the

electron is given by

E' Eo cos (k2cos6 xe -±2te + ) (B-lI)

or E'= E 0 cos (k 2cose-i2)x + (2xo
2 y e (B-12)

e

From equation B-9

vy= -klveA cos(k1xe + 90°). (B-13)

The force acting on the electron must be in the opposite

direction to the velocity of the electron if there is to

be a net energy transfer to the radiation. Assuming the

v is small compared to vx , then equating the arguments
y
of the cosine functions in equations B-12 and B-13 (and
noting that cos a is equal to cos(-a) gives two cases.

Case I:

2e 90° and kI = k2 cose - k2 (cos e-1/nO)v e  2v e  2

where
ki= mi/vi 1 then for 0=0

W+= an On - 1 where zo- n o
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Case II:

2 x 0 90' and -k,= k2cosz - 2 k2 (coso 1/nP);

e e

for @= 1800

= n Pn + 1
0 2n2_ 1

These values are in agreement with Schneider and Spitzer.

When further developed, they produce some results which

are not in agreement with Schneider and Spitzer, such as

the variation of cz as a function of e, as outlined in

Ref. 3.
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APPENDIX C

Traveling Magnetic Field Fluxmeter

After a brief attempt to use a laboratory type Hall

Effect fluxmeter to measure the magnetic fields generated

by the undulator, the need for a method of accurately mea-

suring the magnetic fields was apparent. A traveling probe

fluxmeter was designed and constructed (Figure 15). A Hall

Effect element was mounted at the end of the probe. The

output was connected to the Y direction drive on an X - Y

recorder. A drive wheel connected to a potentiometer was

used to produce a position indicating output. This was fed

to the X direction drive on the X - Y recorder. A large

permanent magnet was calibrated using a laboratory rota-

ting tip fluxmeter (accurate to 1.0%). This permanent

magnet was determined to have a field of 665 gauss constant

over a 2.0 cm by 2.0 cm area. It was used to calibrate the

Hall Effect element on the traveling fluxmeter for all sub-

sequent tests.
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FIGURE 15
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APPENDIX D

Optics

The radiation emitted by the electron beam - undulator

field - helium interaction was of very low intensity,

presenting problems in observation and measurement.

Initially the radiation was observed using a plane dif-

fuse reflector which was viewed with a vidicon equipped

television camera. The camera output was viewed with a

television monitor located in the LINAC control area. The

radiation level was so low that the vidicon's threshold of

sensitivity was approached (Figure 16). A plane mirror

was next used to view the radiation pattern. This had

the desired effect of increasing the amount of radiation

reaching the vidicon, but had the disadvantage that the

apparent intensity of the pattern was not constant, but

varied across the image due to the diverging nature of the

radiation (Figure 17). In order to quantize the change in

intensity, a photoconductive photodiode detector was in-

stalled in the television camera (Figures 18 and 19). The

PIN-6D photodiode was chosen and a mirror with approxi-

mately 85% reflectance was used. The sensitive area of

the photodiode was determined by observing a constant

intensity source and comparing the photodiode output to

the position of the image on the television monitor. The

radiation is emitted at the characteristic angle through-

out the undulator (See Chapter IV). In the final
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configuration the-radiation was reflected by a plane mirror

of highly polished aluminum placed approximately 10 cm from

the end of the undulator. Aluminum was used as most glass

mirrors become radioactive when exposed to high energy

electrons. By having the mirror close to the undulator

the amount of Cerenkov radiation generated by the electron

beam passing through the air outside of the undulator was

minimized. The radiation was projected on to a front

silvered spherical mirror of 112 cm focal length (Figure 20).

The spherical mirror serves as an imaging surface for the

television camera and photodiode and concentrates the

radiation on the lens of the camera. The camera is focused

on the mirror and the image seen is the same as would be

seen if a diffuse reflector was used as an imaging surface.

As a large percentage of the incident radiation was focused

to one small area, the proper alignment of the spherical

mirror with respect to both the radiation and the camera

was critical. Small vertical adjustments in the electron

beam path required small corrections to the mirror align-

ment. As the source of the radiation varied in distance

from the spherical mirror from 30 cm to 110 cm, the camera

saw the apparent source of the radiation as behind the

mirror. This is given by

S f
S. =7

I mnm i ll I I I I . . . .. . . . . . . .. ..7 .
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Magnetic
Undulator Drive motors for spherical mirror

7 Spherical mirror

,Plane mirror.. /Beam monitor
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containing electron
helium beam

Television camera with
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FINAL CONFIGURATION

FIGURE 20
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The resulting image distances relative to the mirror for the

extreme ends of the undulator are

Si max = -6160 cm

and Si m = -41 cm.

This gave the apparent source distances varying between

225 cm and 6343 cm from the camera. The radiation was

still diverging when it reached the camera and photocell,

although the amount of divergence had been reduced by the

spherical mirror. The varying source distance for the

camera meant a larger percentage of the radiation from

one part of the undulator was incident on the camera lens

compared to the radiation from another part of the undula-

tor. This could have help mask the differences between

the PSER and Cerenkov radiation intensities.

The fluorescent screen on the back side of the plane

aluminum mirror was used to determine if the electron beam

was properly focused and centered in the undulator.
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